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20.  Abstract  (Continued) 

from  ion  induced  reactions.  In  addition  a scintillator-photodiode  detector  is  described  which  has  been 
proven  to  be  useful  for  the  measurement  of  time-of-flight  and  which  may  be  used  to  observe  the  rela- 
tive pulse  shape.  Biased  ion  collectors  and  difficulties  associated  with  their  use  are  also  discussed. 
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DIAGNOSTICS  FOR  INTENSE  KJLSED  ION  BEAMS 


I.  INTRODUCTION 

Within  the  last  two  years  the  production  of  intense  pulsed  ion 

beams  has  advanced  from  beams  of  current  density,  ~ 10  A/cm3  with 

peak  ion  currents  1^  ~ 0.5  kA  at  150  keV  energies1  to  ultra- high-power 

(>  10il  W)  beams  with  J.  > 1 kA/cm3  and  I > 200  kA,  containing  more 

— P 

than  4 x 101  3 ions  per  pulseaJ3  at  energies  of  1 MeV.  This  report  is 
about  the  diagnostic  techniques  and  methods  used  to  analyze  these  in- 
tense ion  beams. 

Determination  of  the  parameters  of  an  intense  ion  beam  is  more  dif- 
ficult than  for  a relativistic  electron  beam  for  which  a plethora  of 
techniques  has  been  developed.  In  part,  this  is  due  to  the  fact  that 
intense  ion  beams  are  generally  space-charge  and  current  neutralized. 
These  traits  preclude  many  electrical  measurements  involving  charge  col- 
lection or  the  measurement  of  self -magnetic  fields.  It  also  makes  un- 
certain the  use  of  ion  spectrometers. 

Presently,  the  most  unambiguous  method  for  the  determination  of  the 
identity,  number  and  spatial  distribution  of  light  ions  is  by  nuclear 
activation  of  a target.*  Another  useful  tool,  a scintillator  monitored 
by  a fast  photodiode,  can  be  used  to  measure  time-of- flight  and,  if  the 
particle  energies  are  approximately  known,  also  yields  information  about 
the  pulse  shape.  In  fact,  by  using  masks  of  various  thicknesses  less 


Note:  Manuscript  submitted  October  6,  1976. 


¥ 


than  a particle  range,  the  energy  can  be  approximately  determined.  In 
combination,  these  two  diagnostic  methods  furnish  information  about  the 
current  of  the  ion  pulse.4 

In  the  following  discussion,  the  details  of  these  two  diagnostic 
methods  are  presented.  The  application  of  Faraday  cups  is  also  describ- 
ed, although  this  technique  can  only  be  used  with  some  degree  of  cer- 
tainty when  a transverse  magnetic  field  is  present  inside  the  Faraday 
cup. 

II.  NUCLEAR  ACTIVATION  TECHNIQUES 

When  a pulse  of  energetic  ions  strikes  a suitable  target,  a small 
fraction  of  the  ions  induces  nuclear  reactions  in  the  target.  If  the 
cross-section  for  a given  reaction  is  known,  then  the  number  of  incident 
ions  in  the  pulse  can  be  determined  from  a measurement  of  the  decay  of 
any  radioactive  reaction  products  or  by  the  detection  of  any  prompt  ra- 
diation. Observation  of  the  prompt  radiation  — typically  neutrons, 
gamma- rays,  protons,  or  alpha  particles  — is  usually  difficult  because 
the  signal  to  background  ratio  is  very  small.  However,  for  ions  of  the 
light  elements,  there  are  a number  of  reactions  which  produce  radioac- 
tive nuclei  that  decay  with  half-lives  of  a few  minutes  by  emitting  pos- 
itrons. Coincident  counting  the  pair  of  gamma-rays  associated  with  the 
annihilation  of  the  positrons  offers  an  extremely  sensitive  means  of  de- 
tecting a relatively  small  number  of  reactions.  In  particular,  this 
discussion  shall  concentrate  on  the  (p,v)  and  the  (d,n)  reactions  with 
10B,  1SC  and  14N  targets  because  ultra-high  power,  intense  beams  of  pro- 
tons and  deuterons  have  already  been  produced  in  the  laboratory.  These 


reactions  are  listed  in  Table  I with  the  half-lives  of  the  reaction 
products.  (A  cursory  summary  of  reactions  for  other  ions  is  also  given 
below.)  Because  the  cross-sections  for  these  reactions  are  fairly  well 
known,  a relatively  precise  determination  of  the  ion  number/pulse  can  be 
made.  Moreover,  since  the  ions  are  required  to  have  a minimum  energy 
for  the  reaction  to  occur,  this  method  is  insensitive  to  low  energy 
ions.  Thus,  there  is  no  interference  from  low  energy  plasma  or  debris 
that  might  strike  the  target. 

There  are  two  complications  which  occur  when  using  nuclear  activa- 
tion analysis  of  high  powei , high  current  density  beams.  One  is  inter- 
ference from  different  ions  causing  reactions  which  produce  the  same  ra- 
dioactivity. For  example,  in  proton  beams  there  may  be  a small  quantity 
of  deuterium  present  in  the  proton  source.  Although  the  natural  abun- 
dance  of  deuterium  is  1.5  x 10"4,  the  (d,n)  reaction  yields  are  of  the  or- 
der of  104  times  greater  than  the  (p,Y)  reaction  yields.  To  separate 
the  contributions  of  the  two  components  of  the  beam  either  different  ma- 
terial targets  must  be  used  or  the  relative  abundance  of  protons  and 
deuterons  must  be  known.  The  second  complication  is  caused  by  the  loss 
of  reaction  products  due  to  heating  and  evaporation  of  the  surface  of  the 
target  by  the  intense  beam.  Typically,  the  radioactive  nuclei  are  pro- 
duced a few  microns  into  the  target.  This  target  "blow-off"  can  be 
avoided  by  attenuating  the  ion  beam  with  metal  screens  of  known  trans- 
mission. 
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II.  1 Detection  Apparatus  for  Coincidence  Counting 

It  is  presently  possible  to  detect  as  few  as  100  radioactive  nuclei 
produced  by  the  reactions  listed  in  Table  I.  To  do  this,  standard  com- 
mercial electronic  instrumentation  can  be  used  to  perform  both  pulse- 
height  discrimination  and  coincidence  counting  so  that  only  0.51  MeV 
gamma-rays  from  the  positron  annihilation  are  detected.  A block  diagram 
of  the  apparatus  is  shown  in  Fig.  1. 

After  activation,  the  target  is  placed  between  two  Nal(Tl)  crystals 
which  are  coupled  to  photomultiplier  tubes.  Each  pulse  is  amplified  by 
a double-delay- line  (DDL)  amplifier  which  provides  a bipolar  pulse  with 
a fast  crossover  at  a precise  time.  Pulse  height  analysis  is  then  per- 
formed by  a fast  timing  single-channel-analyzer  (SCA)  which  gives  an 
output  pulse  only  if  the  input  pulse  amplitude  is  between  two  adjustable 
values  (pulse-height  window) . Also  this  output  pulse  is  precisely  timed 
relative  to  the  fast  crossover  of  the  input  pulse.  The  output  of  one 
SCA  is  delayed  (typically  50  ns).  The  earlier  SCA  output  then  starts  a 
time-to-amplitude  converter  of  a time  analyzer  (a  time-to-amplitude  con- 
verter and  SCA)  which  is  then  stopped  by  the  delayed  timing-SCA  output. 
If  the  time  interval  between  the  start  and  stop  commands  is  within  a 
specified  time  window  (e.g.,  1 00  ns)  then  the  SCA  of  the  time  analyzer  is 
triggered  to  produce  an  output  pulse  which  is  counted  by  a scaler.  The 
sample  is  counted  for  a present  time. 

To  optimize  the  coincidence  counting,  the  Nal  crystals  should  be 
placed  as  close  together  as  possible  aligned  at  l80°  to  each  other.  This 
provides  the  maximum  solid  angle  for  intercepting  gamma-ray  pairs  by  the 
crystals.  Because  the  response  of  the  detector  depends  on  the  radial 
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position  of  the  source  from  the  cylindrical  axis  of  the  Nal(Tl)  crys- 
tals, the  crystals  should  be  much  larger  than  the  activated  target. 

(3"  dia.  and  5"  dia.  are  commercially  available).  The  thickness  of  the 
crystals  should  be  chosen  for  optimum  response  to  0.5H  MeV  gamma-rays 
(e.g.,  Nal  thickness  2"  to  3").  The  crystals  and  photomultipliers  must 
be  shielded  from  background  radiation  such  as  cosmic  ray  showers  and 
other  environmental  radiation.  A few  inches  of  lead  is  generally  suffi- 
cient. If  the  apparatus  is  in  the  neighborhood  of  high  power  pulsed 
high  voltage  generators,  it  is  also  necessary  to  shield  the  FM  tubes  and 
their  preamplifier  output  cables  from  electromagnetic  inteference.  Mag- 
netic shielding  of  the  HI  tubes  is  recommended  to  minimize  the  effect  of 
stray  magnetic  fields.  Moreover,  to  prevent  a drift  of  the  amplifier 
gains,  the  electronics  should  be  protected  from  temperature  fluctuations. 

The  detection  apparatus  may  be  absolutely  calibrated  with  a posi-  1 

g 

tron  emitting  source  of  known  activity.  For  example,  9 °%  of  the  decays 
of  aaNa  are  by  positron  emission  and  10%  are  by  electron  capture.  A 
1 |j,Curie  source  is  sufficient  to  provide  about  3 x 104  positrcns/second. 

A typical  detection  efficiency  is  5%  yielding  1.5  X 103  counts/sec.  To 
set  the  pulse-height  windows  on  the  timing-SCA's,  an  oscilloscope,  trig- 
gered by  the  output  of  the  SCA,  is  used  to  monitor  the  DDL  amplifier  out - 
put  (or  if  available,  the  DL  output  of  the  DDL  amplifier).  Thus  that 
part  of  the  pulse  height  spectrum  which  triggers  the  timing  SCA  is  ob- 
served; the  windows  can  be  set  on  the  0.511  MeV  peaks  and  narrowed  to  an 
appropriate  width  (e.g.  ± 50  keV). 
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II. 2 Analysis 

The  number  of  radioactive  nuclei  N0  produced  via  a nuclear  reac- 
tion of  cross  section  a by  N particles  of  energy  E incident  on  a target 
of  thickness  Ax  with  n target  nuclei/cm3  is  given  by  N0  (E)  = No  (E)  nAx 
providing  that  the  thickness  Ax  is  sufficiently  small  so  that  E does  not 
change  appreciably  as  the  particles  transverse  the  target.  The  reac- 
tion characteristics  of  this  expression  can  be  consolidated  into  a reac- 
tion yield  given  by  dY  = a (E)  ndx  where  dx  is  a differential  target 
thickness.  If  this  yield  is  known  and  N0  is  experimentally  measured, 
the  number  of  incident  particles  can  i determined. 

For  measurements  with  intense  pulsed  beams,  thick  targets  are  used. 
The  targets  are  thicker  than  the  range  of  the  incident  particles. 
Therefore,  the  reaction  yield  must  be  integrated  over  the  target  thick- 


ness £ in  order  to  obtain  the  thick  target  yield, 

E_. 


Y(E.)  = |a(E)  ndx=n|  jgj-  dE  =|  dE  , (1) 

0 0 0 

where  E^  is  the  incident  energy  of  the  ions  and  6(E)  = is  the  stop- 

ping cross  section.  The  stopping  cross  section  is  a slowly  varying  func- 
tion of  energy  so  that  this  expression  for  Y(E^)  can  be  evaluated  by  nu- 
merical integration  if  the  cross  section  is  known  For  (d,n)  reactions 
at  low  energy  the  cross  sections  are  rapidly  increasing  with  energy  and 
numerical  integrations  are  readily  carried  out.  For  resonance  reactions, 
such  as  (p,y)  reactions,  the  resonant  behavior  of  the  cross  section  sim- 
plifies the  evaluation  of  the  integral  in  E*.  (1). 


E. 
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The  cross  section  of  a resonance  reaction  is  peaked  at  the  reso- 
nance energy  E_.  The  cross  section  in  the  vicinity  of  a resonance  of 
width  r is  given  by 

ra 

ct(e)  = it  71  - Or  +'ra A > 


where  a is  the  cross  section  at  the  peak  of  the  resonance.  For  a res- 
K 

onance  with  a narrow  width,  Eq.  (1)  may  be  approximated  by 


= j" “ v 5 -r  r 


provided  the  ion  energy  is  well  above  the  resonance  energy,  i.e., 

(Ei  - E^)  » T.  The  quantity  Yno  = mjpT/26  is  called  the  "thick-target 
step"  of  a resonance.  This  quantity  is  characteristic  of  a particular 
nuclear  reaction  resonance  and  target  composition.  In  this  case  tSe 
number  of  incident  particles  with  energies  greater  than  the  resonance 
energy  is  given  by  N = %/Ya, 

For  a mixed  beam  of  protons  and  deuterons,  the  number  of  radioac- 
tive nuclei  induced  in  the  "target"  is  given  by 


Nn  = Y N + 


C 

Y .(E) 

J d dE 


where  Y is  the  (p,y)  resonance  thick-target  step,  and  N is  the  number 
P P 

of  protons  with  energy  greater  than  the  resonance  energy.  If  the  deuter- 
on  component  of  the  beam  is  mono-energetic,  or  if  the  yield  from  the 
(d,n)  reaction  is  approximately  independent  of  energy  over  the  energy 
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considerations.  Often  it  is  very  difficult  to  measure  a small  flux  of 
protons  in  the  presence  of  a large  flux  of  deuterons  since  the  deuteron 
yield  is  much  larger  than  the  proton  yield. 


II. 3 Evaluation  of  Reaction  Yields 

Reactions  yields  for  thick  targets  may  be  calculated  according  to 
Eq.  (1)  if  the  cross  sections  are  known  as  a function  of  energy.  How- 
ever the  integration  of  the  cross  sections  is  not  necessary  for  several 
(p,Y)  reactions  because  there  are  experimental  measurements  of  the  thick 

target  stens.  The  following  sections  are  devoted  to  evaluations  of  the 

i 

reaction  yields  for  several  different  reactions. 

1 

When  measurements  are  made  on  targets  of  different  compositions, 
the  stopping  cross  sections  must  be  appropriately  corrected.  For  tar- 
gets of  chemical  formula  XgY^j  the  composition  rule®  is  !=a6x+b  e^., 
where  and  are  the  atomic-stopping-cross-sections.  Some  proton 
stopping  cross  sections  are  given  in  Figs.  2 & 3 from  curves  by  Demir- 
lioglu  and  Whaling.5  These  curves  can  be  used  for  deuterons  by  noting 
that  the  stopping-cross-section  for  a deuteron  of  energy  2E  is  equal  to 
that  of  a proton  of  energy  E. 

(a)  i8C(p,Y)iaN(g+)13C 

This  reaction7  has  a resonance  at  0.457  MeV  with  T = 37  keV  and  a 
resonance  at  I.698  MeV  with  f = 67  keV.  The  yield  of  positrons  from 
this  reaction  with  protons  of  energy  up  to  2.5  MeV  on  a thick  natural  car- 
bon target  has  been  measured  by  Seagrave.8  The  thick  target  step  of  the 
0.46  MeV  resonance  is  (7.5  ± 0.5)  x 10”10  13N/proton  (measured  at  1 MeV). 
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The  step  of  the  1.70  MeV  resonance  is  1.45  ± 0.03  times  that  of  the  low- 
er resonance.  A thick-target  step  for  the  0.46  MeV  resonance  ^ smaller 
than  the  value  above  is  deduced  from  the  measurements  of  Reiss,  et  al.9 
The  useful  energy  range  of  this  reaction  to  avoid  the  high  energy  reso- 
nance is  from  0.6  to  1.5  MeV  as  shown  in  Fig.  4.  The  only  major  inter- 
ference reaction  is  iaC(d,n)l3N  which  is  discussed  in  Section  (d)  below. 

(b)  14N(p,Y)150(e+)15N 

Below  2 MeV  this  reaction  has  five  resonances.7  The  resonance  en- 
ergies, half- widths  and  thick-target  yields  are  given  in  Table  II.  The 
thick  target  yields  are  calculated  for  resonance  parameters  taken  from 
Ref.  7.  For  the  0.278  MeV  resonance,  Hebbard  and  Bailey10  compare 
thick- target  yields  measured  by  a number  of  investigators  corrected  to  a 
pure  atomic  tiitrogen  (N)  target.  Their  measurement  gives  0 

Y = (2.1  ± 0.3)  X 10-11  ls0/proton  which  is  in  good  agreement  with  the 
value  calculated  in  Table  II.  For  a practical  target  such  as  boron  ni- 
tride (BN)  the  yield  from  atomic  nitrogen  must  be  multiplied  by  the  ra- 
tio of  the  stopping  cross  sections  in  nitrogen  to  the  stopping  cross  sec- 
tion in  BN,  i.e.,  sN/eBN  ~ 0.56.  The  computed  thick-target  steps  for 
each  resonance  for  a BN  target  are  given  in  Table  II.  Also  the  total 
yield  for  this  reaction  between  any  two  resonances  for  a thick  BN  target 
is  given  in  the  right  hand  column  of  Table  II. 

(c)  lOB(p,y)11C(0+)11B 

The  cross  section  for  this  reaction  below  2 MeV  has  been  measured  in 
three  independent  laboratories.11-13  This  reaction  has  a broad  resonance 
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(r  = 5 00  ± 50  keV)  at  1.145  MeV  proton  energy.14  The  most  accurate  and 
complete  cross  sections  are  reported  by  Chadwick,  /xexander,  and  Warren1* 
and  their  absolute  cross  section  is  displayed  in  Fig.  5.  To  determine 
the  thick  target  yield  for  this  reaction  it  is  necessary  to  carry  out 
the  integration  described  in  Eq.  (1).  If  a BN  target  is  used,  the  stop- 
ping cross  section  for  BN  must  be  evaluated  and  weighted  by  the  isotopic 
abundance  of  10B,  5(10B)  ~ 19.8%.  Yields  computed  by  integrating  the 
cross  sections  of  Chadwick  et  al.18  combined  with  stopping  cross  sec- 
tions obtained  from  Ref.  5 are  listed  in  Table  III. 

(d)  10B(d,n)11C(e +)11B 

Cross  sections  for  neutron  emission  from  this  reaction  have  been 
measured  in  the  forward  direction  from  0.2  to  2 MeV  by  Burke  et  ad.15 
and  from  0.3  to  4.5  MeV  5y  Marion  et  al.13  These  results  are  consistent 
with  each  other.  For  deuterons  with  energies  above  1.9  MeV,  the  neutron 
cross  sections  may  not  be  a good  measure  of  positron  production  because 
the  reaction  can  produce  particle  unstable  levels  of  1JC.  The  measure- 
ments below  2 MeV  can  be  converted  to  total  cross  sections  using  the  ang- 
ular distributions  of  Ref.  15  at  0.71,  1.06  and  1.43  MeV  deuteron  energy. 
Based  on  these  distributions,  conversion  of  the  measured  forward  angle 
cross  sections  (a  ) of  Ref.  15  to  total  cross  sections  (a.)  are  estimated 
to  be  a./kvG  = 0.55.  The  thick- target  yield  for  this  reaction  with  a 
BN  target  was  calculated  according  to  Eq.  (1).  The  results  are  given  in 
Fig.  6 and  Table  IV.  Also  stopping  cross  sections  for  BN  are  listed  to 
facilitate  converting  these  yields  to  other  target  materials. 
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The  thick- target  yield  for  this  reaction  on  a BN  target  has  been 
measured  from  0.5  to  3.2  MeV  by  measuring  the  induced  positron  activity 
and  cross  sections  have  been  inferred  from  the  thick-target  yields.17 
The  yields  and  cross  sections  are  in  agreement  with  the  results  presen- 
ted in  Table  IV  within  experimental  error.  However,  the  results  of  Ref. 
17  were  not  used  in  the  evaluation  of  cross  sections  and  thick  target 
yields  for  the  l0B(d,n)11C  reaction  because  differences  have  been  ob- 
served with  similar  comparisons  for  other  reactions  measured  by  the 
same  investigators.  In  particular,  cross  sections  for  the  37Al(d,p)3aAl 
reaction  reported  by  Schuster  and  Wohlleben18  are  an  order  of  magnitude 
larger  than  cross  sections  measured  in  three  independent  experiments.19 
Also,  cross  sections  and  thick-target  yields  for  the  14,N(d,n)1B0  reac- 
tion of  Wohlleben  and  Schuster17  are  2 to  3 times  larger  than  values  de- 
termined  in  two  different  experiments  as  described  in  the  next  section. 
Because  these  unexplained  differences  exist,  results  of  Wohlleben  and 
Schuster  have  not  been  used  in  evaluating  cross  sections  and  thick- 
target  yields. 

(e)  l4N(d,n)150(g  +)1BN 

This  reaction  has  been  studied  below  700  keV  deuteron  energy  by  di- 
rect measurements  of  the  positron  activity.30  The  reaction  has  an  ap- 
parent threshold  of  1U3  keV  presumably  because  at  low  energy  the  reaction 
proceeds  primarily  through  the  first  two  excited  states  of  15 0 rather 
than  the  ground  state.  From  170  to  700  keV  the  thick-target  yield  is  ob- 
served to  increase  by  six  orders  of  magnitude.  Measurements  of  the  neu- 
tron production  at  high  energy  indicate  that  the  cross  section  continues 
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to  rise  to  a value  of  about  20  mb  at  2 MeV  and  then  flattens  off.31  Be- 
cause of  its  small  cross  section  at  low  energy  this  reaction  does  not 
appear  to  be  very  useful  for  energies  below  700  keV.  Above 
2.5  MeV  deuteron  energy,  neutron  cross  sections  may  not  be  a good  meas- 
ure of  positron  production  because  the  reaction  can  lead  to  proton  un- 
stable levels  of  excitation  in  16 0.  The  thick-target  yield  for  this  re- 
action with  a BN  target  calculated  from  the  measurements  of  Refs . 20  and 
21  are  given  in  Table  V and  plotted  in  Fig.  7. 

(f)  lsC(d,n)13N(f}+)13C 

This  reaction  has  a threshold  at  328  keV  deuteron  energy  and  the 
cross  section  for  the  production  of  13 N positron  activity  has  been  meas- 
ured from  just  above  threshold  to  1.85  MeV.as>33  From  2.0  to  5.0  MeV 
pre<?ise  measurements  of  the  total  cross  sections  and  thick- target  yields 
have  been  reported  by  Jaszczak  et  al.3*  The  uncertainty  of  the  latter 
measurements,  which  are  based  on  the  number  of  neutrons  observed  bya4rr- 
detector  is  estimated  to  be  ± 3$.  Above  3-0  MeV  neutron  cross  sections 
may  not  be  a good  measure  of  positron  production  because  the  reaction 
can  lead  to  proton  unstable  levels  in  13 N.  The  cross  sections  below 
2 MeV  have  been  used  to  calculate  the  shape  of  the  thick-target  yield 
which  is  listed  as  "Relative  Yield"  in  Table  VI.  The  90°  cross  sections 
of  Ref.  25  from  1.8  to  2.4  MeV  have  been  normalized  to  these  cross  sec- 
tions in  order  to  extend  this  relative  thick- target  yield  above  2 MeV. 
Then  this  yield  is  normalized  to  the  precision  measurements  of  Ref.  24 
to  give  the  "Absolute  Yield"  in  Table  VI  and  the  thick-target  yield  in 
Fig.  8. 
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II. 4 Proton  and  Deuteron  Beams  on  BN  Targets  and  Carbon  Targets 


When  a proton  or  deuteron  beam  strikes  a BN  target,  both  15 0 and 
1 1 C may  be  produced.  In  order  to  unscramble  these  two  radioactive  prod- 
ucts, the  decay  is  monitored  as  a function  of  time.  Since  15 0 decays  an 
order  of  magnitude  faster  than  13-C,  the  long  time  activity  of  the  target 
is  due  mainly  to  13-C.  The  contribution  of  15 0 can  be  determined  by  fit- 
ting the  activity  as  a function  of  time  to  a decay  curve  with  a slope 
corresponding  to  the  lifetime  of  11 C for  times  greater  than  a few  life- 
times of  150.  The  X1C  is  then  subtracted  from  the  total  activity.  An 
example  is  shown  in  Fig.  9 taken  from  Golden  and  Kapetanakos.26 

Due  to  the  isotopic  abundance  of  deuterium,  proton  beams  extracted 
from  a plasma  produced  from  hydrogenic  materials  always  contain  a small 
component  of  deuterons.  For  an  accurate  determination  of  the  number  of 
protons  per  pulse,  it  is  necessary  to  correct  the  activity  of  the  target 
for  the  contribution  from  deuteron  induced  reactions.  It  has  been  shown 
(Section  II. 2)  that  the  number  of  counts  due  to  a given  reaction  is  pro- 
portional to  Py  + Y,1  , where  N./N  is  the  ratio  of  the  number  of 

P Np  dj  5 d'  p 

deuterons  to  protons  per  pulse.  The  deuteron  correction  is  made  assuming 
that  in  an  ion  source  operating  in  the  space-charge  limited  regime,  the 
current  density  of  the  various  singly- ionized  species  is  proportional  to 
their  relative  abundance  divided  by  the  square-root  of  their  mass.  Spe- 
cifically, if  a proton  beam  is  extracted  from  a hydrogenic  material  in 
which  the  isotopic  abundance  of  deuterium  is  f(D),  the  ratio  of  deuter- 
on current  density  to  that  of  protons  is  J^/j^  ~ ?(D)/^2".  Therefore, 
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the  deuteron  correction  is  made  by  calculating  the  energy  dependent  fac- 
tor, F,  defined  as 


F = Y 


[y  .iMyl-1. 
P y/2  dJ 


(9) 


Equation  (8)  then  becomes 


N = k e 
P 


(l  . e‘4t/T)S 


-1 


F . 


(10) 


The  factor,  F,  is  plotted  in  Figs.  10-12  for  BN  and  graphite  targets. 


II. 5 "Blow-Off" 

The  loss  of  radioactive  nuclei  from  the  target  prior  to  counting  is 
called  "blow-off" . Apparently  this  is  not  due  to  diffusion  out  of  the 
target  in  the  course  of  a few  seconds2  but  rather  is  the  result  of  in- 
tense heating  of  the  target  surface  on  a short  time  scale. 

As  an  example  of  the  importance  of  the  correction,  consider  a car- 
bon target  for  a 60  ns  duration,  1 kA/cm3  pulse  of  900  keV  protons. 

The  power  input  per  unit  area  is  9 x 1018  W/mS,  corresponding  to  an  en- 
ergy dose  of  5.4  X 10s  J/m3 . The  energy  deposition  depth,  for  normal 
incidence  is  equal  to  the  proton  range,  i.e.,  ~ 11  njn.  Most  of  the  act- 
ivation, however,  occurs  in  the  first  6.6  |j,m  from  the  surface.  Because 
thermal  conduction  times  are  microseconds  and  shock  speeds  are  a few 
103  m/s,  almost  all  of  the  energy  deposited  near  the  surface  remains 
during  the  lifetime  of  the  pulse.  Since  carbon  has  a heat  capacity, 

~ 20  j/mole  °K,  and  sublimation87  takes  place  at  3350°Kwith  a heat  of 

sublimation,  AH  ~ 7.12  x 106  j/mole,  1.1  x 106  j/m2  are  requiied  to 
s 

raise  an  11  ^ surface  layer  to  the  sublimation  temperature.*  This 
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leaves  ~ 4.3  x 10s  j/m8 , enough  to  remove  a 3.6  pm  thick,  layer,  over 
one-half  of  the  activation  depth.  Therefore,  it  might  be  expected  that 
a large  fraction  of  the  reaction  products  can  be  lost  from  the  target. 

However,  the  "blow-off"  does  not  appear  to  be  a limitation  to  the 
usefulness  of  the  activation  technique  because  it  can  easily  be  avoided 
by  attenuating  the  ion  beam  using  metal  screens  of  known  transmission. 

In  fact,  if  the  beam  is  sufficiently  uniform  or  reproducible,  comparison 
of  target-activations  with  and  without  attenuating  screens  provides  a 
method  for  the  determination  of  the  importance  of  "blow  off".2 

II. 6 Ion  Diagnostics  by  Neutron  Production 

Ion  intensities  can  be  determined  by  measuring  neutrons  produced  by 
nuclear  reactions  induced  by  an  intense  pulse  of  ions.  A variety  of  re- 
actions that  have  been  used  in  this  way  are  listed  in  Table  VII.  Usual- 
ly a thick  sample  of  the  target  material  is  placed  in  vacuum  and  irradi- 
ated by  the  ion  pulse.  Neutrons  are  then  detected  outside  the  vacuum 
system  with  a neutron  activation  detector.37  Since  many  of  these  reac- 
tions also  produce  short-lived  activations,  measurements  of  both  the 
neutron  output  and  the  delayed  activity  can  provide  a consistency  check 
on  ion  intensity  determinations. 

The  D(d,n)3He  reaction  is  of  particular  interest  because  it  is  use- 
ful at  ion  energies  below  1 MeV  and  has  been  used  by  many  investigators. 
Cross  sections  for  the  D(d,n)3He  and  D(d,p)T  reactions  have  been  meas- 
ured by  a number  of  investigators89’38’39  and  are  shown  in  Fig.  13. 

The  thick-target  yield  of  the  D(d,n)3He  reaction  is  given  in  Fig.  14  for 

* Within  one  range  of  the  surface  there  are  1.8  moles/m8 . 
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a CD,  target;  the  atomic  stopping  cross  sections  were  obtained  from 
Ref.  5. 

Although  this  neutron  yield  technique  is  experimentally  simple,  it 
is  considerably  less  accurate  and  reliable  than  the  activation  technique . 
The  ion  energies  must  be  known  accurately  because  the  neutron  reaction 
cross  sections  are  energy  dependent.  Also  cross  sections  for  some 
of  the  reactions  in  Table  VII  are  only  poorly  known.  Accurate  calibra- 
tion of  a neutron  detector  is  difficult  because  the  calibration  depends 
on  the  neutron  energy  and  should  be  made  in  situ  on  the  plasma  device . 3 7 
Furthermore,  since  the  neutron  reaction  cross  sections  may  vary  with  the 
direction  of  emission  of  the  neutrons,  corrections  for  the  neutron  detec- 
tor geometry  may  be  necessary.  Finally,  ions  from  the  plasma  device  may 
bombard  material  other  than  the  target  of  interest  and  produce  neutrons 
from  unexpected  reactions. 

II. 7 Ions  With  Energies  Above  1.5  MeV 

Above  1.5  MeV,  a variety  of  nuclear  reactions  can  be  used  for  ion 
diagnostics.  The  (p,n)  reactions  are  attractive  because  the  reactions 
usually  have  a threshold  energy  in  the  range  of  a few  MeV.  In  Table  VIII 
are  listed  examples  of  such  reactions  leading  to  relatively  short-lived 
reaction  products  which  emit  gamma- rays.  Cross  sections  for  these  reac- 
tions have  been  measured  and  the  sources  are  listed  in  the  table.  These 
reactions  have  the  disadvantage  that  just  above  threshold  the  reaction 
yield  is  rapidJy  increasing  with  energy  so  that  it  is  rather  difficult 
to  deduce  ion  intensities  without  knowing  the  ion  energy  distribution. 

For  deuterons  of  several  MeV  energy,  there  are  several  (d,p)  and 
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(d,n)  reactions  which  result  in  delayed  gamma-ray  activity.  These  reac- 
tions usually  do  not  have  a threshold  energy,  but  the  reaction  is  inhib- 
ited at  low  energy  due  to  the  Coulomb  barrier.  Examples  of  such  reac- 
tions are  listed  in  Table  IX  with  the  associated  gamma-ray  and  half- 
life.  Targets  for  the  reactions  in  Table  IX  are  readily  available  in 
nearly  single  isotopic  composition  thereby  greatly  reducing  the  possi- 
bility of  interferences  from  competing  reactions.  Unfortunately  cross 
sections  and  thick-target  yields  for  these  reactions  leading  to  the  de- 
sired delayed  gamma-ray  activities  have  not  been  measured  extensively. 
Limited  measurements  have  been  used  to  calculate  thick-target  yields  for 
these  reactions  on  carbon  and  aluminum.19  Simultaneous  measurements 
with  the  reactions  on  carbon  and  aluminum  have  been  used  to  determine 
mean  deuteron  energies.  Thick-target  yields  for  the  iaC(d,n)13N  and 
a7Al(d,p)asAl  reactions  and  the  ratio  of  13N  to  3aAl  are  shown  in  Fig.  15 
as  given  by  Young  and  Friedman.19 

Ions  with  energies  in  the  10  to  100  MeV  range  can  be  diagnosed  us- 
ing (p,xn)  or  (a,xn)  reactions,  where  x = 1,  2,  3,  • • • • These  re- 

actions can  provide  information  on  the  ion  intensity  and  energy  distri- 
bution simultaneously.  A good  example  of  this  kind  is  the 
19?Au(a,xn)ao1 -XT1  reactions  to  diagnose  20  to  70  MeV  a-particles. 

Cross  sections  for  these  reactions,41  as  given  in  Fig.  16,  are  quite 
large  (~  1 bam),  and  the  single  isotopic  Au  target  eliminates  interfer- 
ences from  competing  reactions.  Each  of  these  reactions  produces  a ra- 
dioactive T1  nucleus  which  is  a delayed  gamma- emitter.  The  half-life, 
gamma-ray  energy  and  branching  ratio  are  listed  in  Table  X.  The  gamma- 
ray  intensities  resulting  from  different  (a,xn)  reactions  induced  in  a 


thick  Au  target  can  be  measured  simultaneously  with  a high  resolution 
Ge-speci ?ameter  of  known  absolute  efficiency.  Then  a -particle  in- 
tensities are  determined  using  the  cross  sections  and  decay  properties. 
Since  the  cross  section  for  each  (a,xn)  reaction  provides  a window  into 
the  a-particle  energy  spectrum  (see  Fig.  16),  thick-target  yields  for 
each  reaction  can  be  unfolded  to  determine  the  energy  spectrum.  It  is 
estimated  that  measurements  can  be  made  on  a source  of  only  ~ 10s  a- 
particles  by  counting  with  a high  efficiency  (~  1%  at  0.5  MeV)  Ge- 
spectrometer. 

II. 8 Detection  of  Prompt  Gamma- Rays  From  the  (p,V)  Reactions 

The  lack  of  time  resolution  is  an  important  limitation  of  the  nu- 
clear activation  technique,  i.e.,  the  number  of  ions  per  pulse  is  deter- 
mined rather  than  the  current.  A possible  means  of  measuring  the  proton 
current  is  by  monitoring  the  flux  of  gamma-rays  which  is  emitted  from 
the  (p,Y)  reactions.  Because  such  a measurement  is  done  on  the  time 
scale  of  the  beam  pulse  duration,  it  is -expected  that  errors  resulting 
from  "blow-off"  will  not  be  significant. 

As  stated  in  the  beginning  of  Sect.  II,  observation  of  these  prompt 
gamma- rays  is  extremely  difficult  because  of  the  copious  burst  of  x-rays 
from  high  energy  electron  bremsstrahlung  produced  in  the  ion  source  (re- 
flex triode,  punched  e-beam  diode,  etc.)  This  x-ray  flux  is  generally 
many  orders  of  magnitude  more  powerful  than  that  of  gamma-rays  from  re- 
actions in  the  target.  For  example,  a 0.1  MA,  1 MeV  proton  beam  on  a 
carbon  target  produces  4.7  x 1014  gamma-rays  per  second  with  2.4  MeV 
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energy  corresponding  to  a power  of  only  180  W.  Fortunately,  discrimi- 
nation between  target  gamma-rays  and  bremsstrahlong  may  be  possible  by 
spatial  collimation  and  by  gating  the  gamma- ray  detector.  The  use  of 
collimation  alone  is  probably  inadequate  to  eliminate  the  interference 
by  x-rays  because  even  the  small  fraction  of  photons  that  scatter  is 
sufficient  to  obscure  the  target  gamma- rays.  However,  by  placing  the 
target  far  enough  downstream  so  that  time-of- flight  is  greater  than  the 
duration  of  the  bremsstrahlung  pulse,  the  target  gamma- rays  may  be  ob- 
servable without  interference.  Furthermore,  gating  techniques*8  are 
available  so  that  a detector  consisting  of  a fast  photo-diode  or  photo- 
multiplier tube  can  be  switched-on  before  the  ion  beam  reaches  the  tar- 
get so  that  saturation  of  the  detector  by  the  x-rays  is  avoided.  Ex- 
periments to  demonstrate  this  diagnostic  technique  are  presently  under- 
way. 

III.  SC IHTILLATOR- FHOTODIODE  DETECTOR 

A useful  tool  for  measurement  of  time-of- flight  is  a detector  con- 
sisting of  a thin  scintillator  (such  as  NE  102  or  Pilot  B)  monitored  by 
a fast  photodiode.  A schematic  of  such  a device  is  shown  in  Fig.  17- 
In  order  to  shield  the  scintillator  from  extraneous  light,  the  scintil- 
lator face  is  coated  with  a vapor  deposited  layer  of  aluminum  0 . 2 - 1 . 5 y,m 
thick.  Typically,  for  current  densities  greater  than  a few  hundreu 
A/cm8,  screens  must  be  used  to  attenuate  the  beam  and  prevent  the  alum- 
inum from  being  blown  off  the  scintillator. 

To  minimize  the  interference  of  gamma-rays,  the  scintillator  is  op- 
tically coupled  to  the  photodiode  by  a long  light-pipe  consisting  of  an 
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acrylic  rod  encased  in  an  electrically  grounded  stainless  steel  tube. 
Thin  lead  sheet  is  wrapped  around  the  tube  to  reduce  any  scintillation 
in  the  acrylic  light-pipe.  Silicone  grease  is  used  to  improve  the  coup- 
ling at  the  ends  of  the  light-pipe.  The  aluminized  surface  of  the  scin- 
tillator is  connected  to  the  grounded  stainless  steel  tube  to  prevent 
electrostatic  charging.  The  tube  is  mounted  in  a sliding-seal  feed- 
through so  that  the  scintillator  may  be  placed  at  various  axial  positions 
within  the  vacuum  chamber. 

From  the  timt -of- flight  measured  at  two  axial  positions,  the  part- 
icle velocity  can  be  determined.  For  monoenergetic  ions,  the  ratio  q/m 
can  readily  be  obtained  from  the  measured  velocity  and  the  known  value 
of  the  accelerating  potential  applied  to  the  anode. 

The  energy  distribution  of  the  ions  may  be  approximately  determined 
by  using  filters  a fraction  of  a range  thick  in  front  of  the  scintilla- 


tor. This  measurement  requires  many  different  thickness  filters  for  any 
accuracy.  Moreover.,  the  response  of  the  scintillator  as  a function  of 
ion  energy  must  be  taken  into  account.  For  example,  the  response43  of 
Pilot  3 and  NE-102  scintillators  is  proportional  to  E1*6  as  shown  in 
Fig.  18. 

It  is  frequently  convenient  to  use  filters  made  of  materials  such 
as  plastic  polymers  for  which  the  ion  range-energy  curve  is  not  readily 
available.  The  difficulty  can  be  overcome  by  using  the  Bragg-Kleeman 
rule  to  compute  the  range,  R,  as  follows, 


where 


Vs/I  “srPT  • 

In  these  equations,  Rq , Aq  and  P0  are  the  range,  atomic  mass  and 

the  density  of  a material  with  known  range  and  A and  n are  the  atomic 

s s 

weight  and  mole-fraction  of  the  s'*"'*1  component  of  the  mixture  with  den- 
sity P . Table  XI  lists  the  ratios  of  the  range  of  protons  in  a number 
of  common  polymers  to  that  in  aluminum  obtained  using  the  Bragg-Kleeman 
rule.  Figure  19  shows  the  range-energy  curves  for  protons  in  aluminum, 
carbon  (P  = 2.0  gm/cm3),  polyethylene,  and  polyester  (Jfylar).44 

The  relative  contribution  of  ions,  electrons,  and  protons  can  be 
found  by  using  filters  in  front  of  the  scintillator.  Relevant  data  on 
x-ray  absorption  coefficients  and  electron  ranges  in  various  materials 
can  be  found  in  the  references.43 *+s 

If  the  energy  spread  of  the  beam  is  small  enough  so  that  the  scin- 
tillator response  energy  dependence  does  not  have  to  be  considered,  then 
the  scintillator-photodiode  yields  a signal  proportional  to  the  ion  flux. 
In  this  case,  the  ion  current  pulse  can  be  determined  from  this  signal 
and  the  total  number  of  ions  per  pulse  measured  by  nuclear  activation 
or  some  other  technique.  This  technique  has  been  successfully  employed 
in  a number  of  experiments  at  the  U.S.  Naval  Research  Laboratory. *"4>47 

IV.  BIASED  ION  COLLECTOR  (BIC) 

Charge  collectors  or  Faraday  cups  have  been  used  very  successfully 
during  the  last  few  years  to  measure  the  current  of  intense,  pulsed  rel- 
ativistic electron  beams.  Secondary  electron  currents  are  conveniently 
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suppressed  by  the  negative  space  charge  that  is  developed  by  the  elec- 
trons in  front  of  the  collecting  surface. 


Determination  of  the  current  of  intense  ion  beams  by  charge  collec- 
tors is  considerably  more  complicated  than  for  relativistic  electron 
beams.  As  stated  previously,  the  main  reason  is  that  ion  beams  are 
space  charge  and  current  neutralized.  The  negative  voltage  required  to 
rtpel  the  low  energy  electrons  that  accompany  an  ion  beam  also  removes 
the  secondary  electrons  from  the  surface  of  the  collector  resulting  in 
an  overestimation  of  the  ion  current.  The  error  in  measuring  the  cur- 
rent may  be  significant  because  of  the  large  secondary  electron  emission. 
The  secondary  electron  emission  coefficient  for  protons  of  0.01  tolMeV 
energy  is  typically  greater  than  unity  at  normal  incidence  and  increases 
as  sec0,  where  0 is  the  angle  measured  with  respect  to  the  normal,  for 
protons  impacting  on  a polycrystalline  target.48  In  general,  only  a 
fraction  of  these  secondary  electrons  contributes  to  the  ion  current  if 
their  only  path  to  ground  is  through  the  incoming  beam.  If  the  applied 
bias  potential  is  large  enough  to  repel  all  the  primary  electrons  near 
the  aperture  (see  Fig.  20.),  neutralization  of  the  beam  in  the  gap  be- 
tween the  collecting-surface  and  the  aperture  is  accomplished  by  the 
secondary  electrons.  This  requires  a secondary  electron  flux  that  is 
about  equal  to  the  ion  flux,  resulting  in  an  overestimation  of  the  ion 
current  by  a factor  of  two.  The  error  may  be  even  higher  because  of  the 
contribution  of  ions  from  a plasma  sheath  at  the  aperture. 

At  rather  low  ion  current  density,  secondary  electrons  can  be  eas- 
ily suppressed  by  applying  a magnetic  field  parallel  to  the  collecting 
surface.47?49  It  has  been  demonstrated  experimentally47  that  these 
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collectors  (BIC  - MES  = Biased  Ion  Collectors  with  Magnetic  Electron 
Suppression)  are  very  reliable  diagnostic  tov.  for  low  current  ion 
beams.  It  is  very  doubtful  that  BIC  - MES  devices  are  as  reliable  for 
measuring  the  ion  current  of  recently  developed  very  intense  beams  be- 
cause of  the  space  charge  effects.  It  should  be  pointed  out  that  the 
radial  space  charge  electric  field  of  a 1013  cm-3  density  ion  beam  at  a 
radial  distance  of  1 mm  is  about  10s  v/cm. 

A typical  Biased-Ion-Collector*7’50  is  shown  in  Fig.  20.  It  consists 
of  the  collecting  surface  that  is  connected  to  the  bias  circuit,  and  a 
grounded  electrostatic  shield.  The  incoming  beam  enters  through  a 
small  hole  (aperture)  in  the  front  plate.  The  size  of  the  aperture  must 
be  small  in  order  for  the  induced  signal  to  be  very  small  in  comparison 
with  the  applied  potential.  The  side  walls  at  the  collecting  surface 
are  necessary,  in  particular  when  the  device  is  used  in  the  presence  of 
an  axial  magnetic  field.  These  side  walls  prevent  the  large  gyroradius 
ions  from  striking  the  walls  of  the  electrostatic  shield  and  the  insula- 
tor, thereby  forming  plasma  that  provides  a path  from  the  collecting 
surface  to  ground.  This  phenomenon  has  been  observed  repeatedly  in  the 
laboratory  and  it  is  manifested  by  output  waveforms  that  last  consider- 
ably longer  than  the  ion  pulse. 

Thus,  although  the  Biased- Ion-Collectors  are  simple  and  convenient 
devices  for  measuring  ion-current  densities,  their  results  should  be 
evaluated  with  extreme  care.  For  absolute  measurements,  calibration 
(by  comparison  with  an  absolute  measurement  by  a different  technique)  is 
necessary  for  the  energy  range  and  current  density  of  interest.  In  gen- 
eral, these  devices  are  more  useful  for  relative  than  for  absolute 
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measurements  (e.g.,  to  determine  the  radial  profile),  because  even  in 
the  absence  of  all  other  drawbacks  they  are  unable  to  discriminate  be- 
tween various  ion  species. 
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TABLE  I.  Proton  and  Deuteron  Induced 
Reactions  Producing  Useful  Positron  Activity 


Beam 

Target 

Reaction 

Product 

Half- 

Life 

Useful 

Energy 

Range 

Pretons 

103 

uB(p,7)11C(6+)11B 

20.4  m 

ep 

= 1.145  MeV 
(resonance) 

12C 

12C(p,Y)l3N(B+)13C 

9.96  m 

ep 

"p 

= 457  keV 
(resonance) 
= 1.70  MeV 
(resonance) 

l4N 

14N(p,y)150(3+)15N 

122  sec 

ep 

E 

P 

= 277  keV 
(resonance) 
= 1.06  MeV 
(resonance) 

Deuterons 

i°B 

10B(d,n)11C($+)11B 

20.4  m 

Ed 

> 250  keV 

12C 

12C(d,n)l3N( 0+)13C 

9.96  m 

Ed 

> 600  keV 

14n 

14N(d,n)lsO(6+)15N 

122  sec 

Ed 

> 700  keV 
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TABLE  II.  Resonances  and  Thick  Target 


Yields  for  the  14N(p,y)1B0  Reaction 


E 

r 

rLab 

(N) 

(BN) 

Total 
X»  (BN) 

(MeV) 

(keV) 

/1B0/1010N 
\ protons / 

/is0/ioii\ 
\ protons  / 

/is  o/ion' 

\ protons , 

0.278 

1.5  ± 0.5 

0.205 

1.15 

1.15 

1.062 

3.9  ± 0.7 

8.56 

47.9 

49.1 

1.55 

34 

1.27 

7.U 

56.2 

1.742 

4 ± 1 

1.62 

9-07 

65.2 

1.806 

4.2  ± 0.4 

3.91 

2.19 

67.4 

30 


E 

(MeV) 

ct(E) 

(lib) 

e(BN) 

(10-15  eV-cm?  ) 

YP 

/iic/lon\ 
\ protons  ) 

0.4 

0.2 

16.7 

0.0225 

0.6 

0.65 

12.9 

0.139 

0.8 

1.65 

10.6 

0.525 

1.0 

2.80 

9.2 

1.39 

1.14 

3.50 

8.4 

2.29 

1.2 

3.30 

8.07 

2.81 

1.4 

2.1 

7.33 

4.11 

1.6 

1.2 

6.69 

4,99 

1.8 

1.0 

6.15 

5.63 

TABLE  IV.  Yield  of  the  10B(d,n)11C  Reaction  for  a Thick  BN  Target 


E 

(MeV) 

CT 

(mb) 

e(BN) 

(10'15eVcm2) 

Yd ( 1XC/ deuteron) 

0.3 

3-5 

28.2 

1.2  x 10'9 

0.4 

7.7 

25.0 

5.45  x 10"9 

0.5 

18.8 

22.1 

1.68  x 10-8 

0.6 

36.1 

19.9 

4.30  x 10'8 

0.7 

61.4 

18.2 

9.38  x io‘s 

0.8 

87.5 

16.7 

1.78  x 10'7 

0.9 

113 

15.5 

3.01  x 10'7 

1.0 

128 

14.4 

4.60  x io’7 

1.1 

145 

13.6 

6.51  X 10'7 

1.2 

l6l 

12.8 

8.79  x 10‘7 

1.3 

179 

12.3 

1.14  x 10"s 

1.4 

197 

11.6 

1.33  x 10-6 

1.5 

218 

ll.l 

1.69  x 10"6 

1.6 

237 

10.6 

2.10  x io's 

1.7 

255 

10.2 

2.57  x 10'6 

1.8 

276 

9.8 

3.09  x 10'6 

32 


i 


E(MeV) 


Y^(1B  O/lO7  deuterons) 


0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 
1.9 


0.0016 

0.014 

0.12 

0.25 

0.57 

1.04 
1.67 

2.5 

3.4 

4.6 
5.9 

7.4 
9-0 

10.7 

12.5 


TABLE  VI . Thick  Target  Yield  of  the 
iaC(d,n)13N  Reaction  on  a Carbon  Target 


E 

(MeV) 

a 

(bams) 

e 

(10“1B  eV-cma  ) 

Relative 

Yield 

/ 13n/ios 

Vdeuterons/ 

Absolute 

Yield 

/ ^N/IO3  \ 
Vdeuterons/ 

0.40 

0.00036 

12.7 

0.0010 

0.0069 

0.52 

0.00327 

11.2 

0.020 

0.014 

0.64 

0.0106 

9.8 

0.102 

0.071 

0.80 

0.05 

8.5 

0.659 

0.457 

0.90 

0.12 

7.9 

1.70 

1.18 

1.0 

0.09 

7.3 

3.06 

2.12 

1.1 

0.12 

6.9 

4.53 

3.14 

1.2 

0.145 

6.5 

6.50 

4.51 

1.3 

0.19 

• 6.2 

9.12 

6.33 

1.4 

0.13 

5.8 

11.7 

8.12 

1.5 

0.15 

5.6 

14.2 

9.85 

1.6 

0.18 

5.3 

17.2 

11.9 

1.7 

0.15 

5.2 

20.3 

14.1 

1.8 

0.205 

4.9 

23.8 

16.5 

2.0 

0.230 

4.6 

32.9 

22.8 

2.2 

0.250 

4.3 

43.6 

30.3 

2.4 

0.180 

4.0 

53.8 

38.5 

TABLE  VII.  Neutron- Producing  Reactions  for  Ion  Diagnostics 


Reaction 

Threshold 

Energy 

(MeV) 

Typical 

Values 

cr(mb)  E(MeV) 

Reference 

D(d,n)3He 

-- 

97 

1 

28,29 

9Be(p,n)9B 

2.06 

100 

2.5 

30 

9 Be(d,n)10B 

— 

9Be(a,n)iaC 

— 

200 

2.0 

30,31 

1TB(p,n)11C 

3.0 

150 

3.5 

32 

18C(d,n)13N 

0.33 

120 

0.9 

22,23 

1*N(d,n)1B0 

0.14 

15 

1.5 

20,21 

ia0(d,n)17F 

1.83 

500 

5.0 

33 

a3Cu(pjn)S3Zn 

4.21 

250 

6.6 

34,35 

SBCu(p,n)6B  2n 

2.17 

175 

4.5 

34,35,36 

of  Refer- 
i ence  for 
Cross 
Section 


llB(p,n)11C 

3.0 

20.4  min 

0.51 

32 

1 4N(p,n)140 

6.35 

122  sec 

2.31 

40 

saCr(p,n)ssmMn 

5.8 

21.4  min 

1.43 

34 

03  Cu(p,n)03  Zn 

4.2 

38.5  min 

0.51 

34 

06  Cu(p,n)06  Zn 

2.2 

243.7  days 

1.115 

34 

Reaction 

I 

Natural 
Isotopic 
Abundance 
of  Target 

(*) 

Half-Life 

of 

Residual 

Nucleus 

(min) 

Energy 

of 

Delayed 

Y-Ray 

(MeV) 

iaC(d,n)13N 

98.89 

9-97 

0.51 

9,7  Al(d,p)S8Al 

100 

2.21+ 

1.78 

51 V(d,p)8aV 

99-75 

3.76 

1.43 

TABLE  X.  Properties  of  (g,xn)  Reactions  on  Gold 


f 


!l 


Reaction 


Half-Life 

of 

Residual 

Nucleus 

(hr) 


Energy 

of 

Delayed 

Y-Ray 

(keV) 


No.  of 
Photons 
per 
Decay 


l97Au(a,n)S00Tl 
l9?Au(a  ,2n)199  T1 
197  Au(a  ,3n)l9smTl 
l97Au(a,4n)l97Tl 
i97Au(a,5n)190Tl 


26.1 

7.42 

1.87 

2.84 


367.9 

455.0 

283.0 
152.2 
695.5 


0.88 

0.13 

0.26 

0.075 


1.40 


1.0 


TABLE  XI.  Ratios  of  Proton  Ranges  in  Polymers  to  the 
Range  in  Aluminum  Calculated  by  the  Bragg-Kleeman  Rule 


Polymer  Density  (g/cm3 ) r/rai 


Polycarb  onat  e ( Kimf ol) 

(<^*03  )q 

1.34 

1.21 

Polyester  (ifylar) 

(CioHe04)n 

1.39 

1.22 

Methyl  Methacrylate  (Plexiglas) 
(C5He0a)ri 

1.18 

1.32 

Polyethylene 

(CHa:CHs)n 

0.94 

1.42 

Polystyrene 

(Ce^CH:CHa)n 

1.04 

1.46 

Polyamide  (Kapton) 

1.11 

1.56 

(C33HioNa04)n 


ATOMIC  STOPPING  CROSS-SECTION  (IO-,JeV-cm 


100.0 


PROTON  (DEUTERON)  ENERGY (MeV) 

Fig.  2 — Stopping  cross-sections  for  boron,  carbon  and  nitrogen5 


41 


0.2  0.6  1.0  1.4  1.8  2.2 

PROTON  ENERGY  (MeV) 

Fig.  4 — Thick  target  yield  of  the  12C(p,  7)13N(/J+)13C  reaction8 
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THICK-TARGET  YIELD  ( REACTIONS/ 10®  DEUTERONS) 


r 


Fig.  6 — Yield  of  the  10B(d,  n)11C  reaction  for  a thick  BN  target 

. 


45 


THICK-TARGET  YIELD  ( REACT  IONS/ 10  DEUTERONS ) 


I 


Fig.  7 — Yield  of  the  14N(d,  n)15O(0+)15N  reaction  for  a thick  BN  target 
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AN  /At  (COUNTS  / 30  SECONDS) 


£ (D) 


400  800  1200  1600 

ENERGY  (keV) 

Fig.  11  — Deuteron  correction  factor,  F,  for  14N  -*■  lsO 
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DEUTERON  ENERGY  (keV) 

Fig.  13  — Cross-sections  for  D-D  reactions 


REACTION  YIELD  PER  I 


O I 2 3 4 5 


DEUTERON  ENERGY (MeV) 

Fig.  15  — Thick  target  yields  for  the  12C(d,  n)13N  and  27Al(d,  p)28  A1 
reactions  and  their  ratios 
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Fig.  17  — Scintillator-photodiode  detector 


SCINTILLATOR  RESPONSE 
(ARBITRARY  UNITS) 


NE-102  PILOT  B 


10°  I01  10°  I01 

PARTICLE  ENERGY  (MeV) 

Fig.  18  — Response  of  plastic  scintillator  to  electrons  and  protons43 


57 


